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06jectivcs. This study was designed lo scrialty ~SSPSS lime- 
dependeni changes in bolh chamber volume and myocardtal 
muscle mass after infarction in humans. 
Background. Dilation of the IeR ventricular chamber has been 
prevlawly describcd afier transmurai myueardial infarction. 
Methods. Global left ventricular chamkr volumes and muscle 
APES were quantified by using tine coatplated tomqrapbic scan- 
ning in 18 patknls ~1 hwpitd discharge and 6 swkr, 6 atoaths 
and 1 year after an initial traasmural mycxardlnl infarction 112 
ani&~r and 6 inferior). No patient bad keart failure during the 
initial hospital stay or OII any subsaquent follow-up visit. 
Rewlts. The patients with anterior myocardii infarction (PP. 
tisated infarct extent 27 * 2% of left vetttricle~ demonstrated a 
progressive iacrease in left ventrkttlar end-diastolic v&tme from 
148 f 9 ml (meaa f SEM) at hospital discharge to I80 t 9 ml at 
1 year after infarction (p < 0401). iIowever, global left ventric- 
ular muscle mass decreased significantly during the 1st 6 reeks 
after btfarction but returned by I year to nearly ihe value 
determined at hospital disebarge 1177 f 13 ~5. 165 2 10 g, p = 
NS). Thechanges bt global mttscle mpss did not parallel the slrady 
and pmgrcssive ~~CIWXS In chamber end-diastolic vdume. The 
end-diitotic chamber volume to musde mars ratio, an index of 
giobai kit ventricular wail tension, increawd sleadily after hospi- 
tal discbarge but remained level by 1 gear lter infarction. The 
time coutw efchattges in global end-systolic &amber ~alunte was 
mughly proportional to the wncomilanl changes in ettd.diastolic 
volume, During tbir snme time period, kR veutrirutar stroke 
volume remained canytant or imprwed Iram lhat determined at 
baseline. Global teft v@ntricutar end-diastolic and end-systolic 
volumes remained reiaiively static during the tat :!ZH in the 
pat&t subgroup with inferior wail mycardii ikkrtioa c&i- 
mated inrarct evteat 10 f I% of left venttile), but $&al mu& 
(mywardial) mass btitially decreased and tbett increased in a 
pattern similar, altbwgb of sntatkr mpgnttttde, to that &set-& 
iu patients wiih atttetiw wall myocardtal infarction. 
cOnc~uaiOn. o~eralt, kn ~entkk eod4wtk and 0~. 
syslolk cbambw vohttws increase pregnxdvely f&m hospital 
discharge to 1 year aflar an initial lransmural mywardial iafare- 
lion in patients with a wlerately large anterior wall infarction 
hut remain stable in patients with a small btferiw wall btlbrction. 
Concurnnil~, total I& ventricular muxk mass decrepss signil- 
icaatly during, the initial 6 we& a&r ioFaRtion (pRsnm.4 
largely semndary to changes in the twcrotic segments) but then 
retwns to the hmpital diiba~e baseline valuer by I year. l&e 
dota are consistent with the late developmettt of, at most. lirited 
ventricular hyperircpby bt the nottiafarcled tttywxditun ibat 
occurs well after the early and prngressive l ft wthictdar cbam- 
her dilation observed in patients with a m&rate to law oryx- 
cardial infarction. These data, to particutar as applied to patknts 
with anterior infarction, suggest that ventriwlsr wall tension is 
significantly elevated at least during the 1st year after att initial 
transmural myaeardial inhrclion. There observations may ex- 
plain the potential utility of agents aimed at reduci~ afterlwd w 
ventritular wall lettsloa during the early convent phase atler 
myocardiai infarciion. 
(J Am Coil Cwdiol1993;21:673-82) 
The developmenr of left ventricular chamber dilation after 
tnnsmural myocardial infarction has been well documented 
a, autopsy 11.2). in animals models (3-j) and in living 
patients (6-9) and is part of the spectrum of postinfarction 
left venvicular remodeling. However, the majority of studies 
have conccc!rafed on detailing changes in global left ventric- 
ular chamber volumes or expansion both within and outside 
the infarct region. or both. Although it has been suggested in 
rat mud& of anterior wall myocardial infarction t 10-12) that 
left ventricular hyperwophy develops in parallel with 
changes in chamber volumes, no data relating serial changes 
in both left ventricular chamber volumes and muscle mass 
have been previously reported in humans. 
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Temporal and se& changes in left ventricular chamber 
volumes and left ventricular muscle mass in humans after 
acute myocardial infarction have important ciinic:?! imphca- 
tions. The absolute magnitude of tef[ ventricular end- 
diastolic and end-systolic volumes after myocardiaf infarc- 
tion has been demonstrated (13,141 to bc better than global 
ejection fraction as a predictor of morbidity and mortality. 
Widespread recognition of these concepts has been the 
stimulus for several studies aimed at modifying left ventric- 
ular dilation after infarction by use of angiotensinconverting 
enzyme therapy (15), intravenous nitroglycerin (16,17) or 
other agents (18). 
The concept of using the ratio of left ventricular end- 
diastolic chamber volume and muscle mass as an index of 
overall ventricular wall tension was first proposed by Gaasch 
(19) tc describe adaptive responses of the ventricle to 
volume overload. Although much has been written about the 
detrimental effects of IeCt ventricular hypettrophy on the 
myocardium in general (20) and in particular after myocar- 
dial infarction (2,12,21), initially its development in the 
presence of ventricular chamber dilation should be viewed 
as a proper adaptive response to an applied hemodynamic 
load. if the concepts put forward by Gaasch can be applied 
to the volume overload of ventricular remodeling, it would 
be expected that nearly parallel changes in left ventricular 
chamber volumes and muscle mass should occur after myo- 
cardial infarction to allow for normalization of global vcn- 
tricular wall tension. Thus, in the presence of volume 
overload, as is the case with postinfarction remodeling, the 
overall development of left ventricular hypenrophy in the 
setting of ventricular chamber enlargement should be antic- 
ipated. Indeed, the lack of development of global left ven- 
tricular hypertrophy in the presence of significant chamber 
dilation after infarction may suggest a maladaptive mecha- 
nism. However, the time course ofthese features in patients 
after infarction has not been previously explored. 
Our investigations regarding ventricular remodeling were 
initiated to serially investigate the adaptive responses of the 
human left ventricle to an initial transmural myocardial 
infarction. To examine details of the left ventricle, we used 
tine computed tomography, which has been extensively 
validated by our laboratory and others for quantitative 
measurements of left ventricular musclr mass (22,23), cham- 
ber volumes (24,25) and systolic (26,27) and diastolic (28,291 
mechanics in humans. 
Methods 
Patient selection and entry criteria. Male and female 
patients hospitalized in the coronary care unit at the Mayo 
Clinic were identified within I to 3 days of an acute anterior 
or inferior wall myocardial infarction as possible candidates 
for study. Entry criteria were as follows: normal sinus 
rhythm, documentaiion to support the clinical diagnosis of 
acute transmural myocardial infarction (ST segment eleva- 
tion 22 mm above baseline in at least two contiguous 
electrocardiographic IECGI leads or development of new 
abnormat Q waves on the ECG [anterior precordial leads for 
anterior infarction, inferior limb leads for jnferior infarction], 
or both), recent history of angina lasting >30 min, serial 
changes in creatine kinase and creatine kinase-M3 isoen- 
zymes consistent with acute myocardial infarction and age 
between 19 and 79 years. Exclusion criteria were docu- 
mented or historical evidence of previous myocardial infarc- 
tion (transmural or nontransmuml), historical or physical 
examination findings consistent with left-sided valvular ste- 
nosis or regurgitation beyond grade I (the majority of pa- 
tients had two-dimensional echocardiographiciDoppler ex- 
aminations that confirmed these criteria), uncontrolled 
hypeliension or cardiogenic shock or need for inotropic 
support. Concomitant therapy with nitrates, beta-adrenergic 
blocking drugs and/or calcium channel antagonists was not 
considered to be an exclusion criterion. Because all patients 
were to undergo contrast-enhanced tine computed tomo- 
graphic examinations, the patient must have had no allergy 
to iodinated contrast medium and have a serum creatinine 
cl.6 gidl. Finally, for entry into the protocol, the patient 
must have had the ability to undergo the initial tine com- 
puted tomographic examination within the 1st 10 days after 
acute myocardial infarction. 
Before entry into the research protocol, each patient 
signed an informed consent for serial tine computed tomo- 
graphic studies and underwent a physical examination con- 
ducted by one of the investiptors. 
Cine computed tomq~aphlc scanner and imagtng proto- 
cds. The intent of the investigations was to examine quan- 
titative left ventricular anatomy and function on a serial 
basis in patients after myocardial infarction. Although no 
imaging modality is totally without its limitations, tine 
computed tomography (also called ultrafast computed to- 
mography, [matron C-100) provides noninvasive, high qual- 
ity temporal, spatial and density resolution images at multi- 
ple tomographic cardiac imaging planes using extensively 
validated methods of cardiac border definition (X2-29). 
The design and operation of the tine computed tome- 
graphic scanner has been described elsewhere (30) and does 
not require repetition here. For each study, prospective 
ECG triggering at the R wave (end-diastcle) allowed for 
serial acquisition of polytomographic images of the heart at 
a rate of 17 frames/s. The relative and absolute timing for 
each image from the trigger signal as well as an analog of the 
surface l3CG were recorded on the file header during each 
acquisition. Each tomographic level was 0.8 cm thick with a 
center to center distance between levels of 1 cm. Also 
recorded on the tile header was the relative position of each 
scan with respect to the others in three-dimensional space. 
This facilitated quanti6cation of left ventricular volumes and 
muscle mass. 
Imaging of each subject was performed in a manner 
simitar to that previously described (26.27.30). No premed- 
ications were given and the subject was instructed to fast ani 
discontinue medications for 24 h before the study. Setf- 
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adhering electrode pads were placed on ihe chest to allow for 
continuous ECG monitoring and as a trigger signal to the 
scanner. After placement of an H-gauge, 5.08~cm catheter in 
a tight antecubital vein, each subject was positioned in the 
scanner so as to acquire parallel tomographic images in the 
short axis (transverse cardiac) from the lcti vemricular apex 
through the base of the right ventricularoutflow tract (31). A 
noncontrast localization scan was initially performed to 
determine the level of the left ven:ricular apex. The subject 
was then mechanically adjusted within the scannergantry :u 
ensure that the most caudad tomographic izxgges were 
obtained at the level of the cardiac open. This procedure 
assured that all subjects ~?:ould be imaged in a umform 
manner on the initial and follow-up scans. 
Once the patient was positioned, an estimation of circu- 
lation time was determined durins normal resairation after 
administration of a b&s injection of IO ml of a dilute 
solution of magnesium sulfate (0.2%) (30) through the intm- 
venous site. Noting the time between injection and the 
associated warm sensation under the tongue by the patient 
expedited accurate timing of the contrast injection and 
scanning sequences. 9uring imaging a powered injector 
delivered an infusion of nonionic contrast medium flohesol- 
350. Sterling Winthrop or lapamidol-370. E.R. Squibb & 
Sons) through the intravenous catheter at 3 ml/s for 20 s. 
Starting image acquisition at the “circulation time” assured 
excellent and simultaneous opacilication of both the left and 
right ventricufsr cavities at all levels scanned. Imaging 
initiated at the ECG R wave consisted of 13 consecutive 
frames through the cardiac cycle at six contiguous parallel 
tomographic levels. After a 2- to 5-min interval, the scanning 
table was moved (with the patient lying still) 6 cm and the 
scanning sequence and contrast injection repeated. The 
normal human left ventricle is roughly IO to I2 cm from the 
tip of the epicardial apex, through the origin of the aortic 
root, just caudad to the level of the pulmonary valve. Most 
subjects (gB%) entered into this protocol could be imaged in 
12 ventricular levels; however, 3 patients (11%) had signifi- 
cant ventricular dilation and reqilired a third scanning run 
constituting 18 tomographic levels of the heart. The total 
iodinated contrast load/patient for each scan in the series 
was approximately I.2 ml/kg. 
All data were stared on an optical disk for viewing and 
analysis on the Physician Analysis and Display ionsole or 
directly on a SUN microcomputer workstation, using soft- 
ware developed in our laboratory (32). Once the raw image 
data were analyzed. numeric results were recorded directly 
into a relational data base. 
Patients were scanned four times: at hospital discharge 
and at 6 weeks, 6 months and I year after myocardial 
in&Gon. 
Delrrminatbm of left ventricular chamber volume and 
mur& mass. Data were analyzed at each left ventricular 
tomographic level in an identical fashion for all patients at 
each of the four tine computed tomographic studies. First, 
the end-diastolic (image temporally related to the R wave on 
the ECG) and end-systolic (smallest chamber volume during 
the cardiaL cycle) scans were identified at each tomographic 
level (24X271. Second the areas inszibingthe endccardial 
and tpicardtal surfaces of the left ventricle were determined 
usink previously published criteria for accurate border de& 
nilion using tine complted tomcgaphy (22). Tomographk 
~e~tncular chata& xea wac, determined as the area in- 
scrljed by !hs endocardial surface and ventricular muscle 
(it: i is. myocardiai) area; the latter was determined as the 
arc* inscribed between the endocardi;al and epicardial left 
ventricular surfaces, as previously described (2426,27). For 
each ventricle. images were nnalyzed from the left ventric- 
ular apex though the basal tomographic sections. including 
the left ventricular outflow tract. Thus, there were 8 to 12 
separate tomographic slices per study, depending on the 
overall long-axis dimensions of the teft ventricle. Tomo- 
graphic chamber volumes were the product of tomographic 
area (end-diastolic or end-systolic) and slice thickness. Te 
mographic left ventricular muscle mass was the product of 
muscle (myocardial) area, slice thickness and the specific 
gravity of myocardium. Although it was appreciated that the 
specific gravity of functional myocardium and infarcted 
myocardium are not identical, a single value was chosen for 
convenience to represent all myocardial surfaces (I .OS ginI). 
Global (or total) left ventricular chamber volumes were 
determined by summing the tomographic chamber (end- 
diastolic and end-systolic) volumes and tomographic muscle 
(end-diastolic) masses over ail slices (modified Simpson‘s 
rule) from aper to base (2224-27). 
Estimation ofextent of my& infarction. To provide 
an estimate of the overall effect of infarct extent on chamber 
volumes and left ventricular muscle mass, an index of 
myocardial damage was developed from quantitative em@- 
sis of regional chamber motion on the scan performed at 
hospital discharge. Exact quantification of left ventricular 
myocardial infarct size in humans with tomographic imaging 
techniques can be pmblematic. especially when using infor- 
mation related to analysis of regional wall motion abnonnal- 
he: (33). However. it was reasoned that a consistent appli- 
cation to defining an index of infarct size at hospital 
discharge would be acceptable for longmufinal comparison 
studies performed in the same group of patients. 
Previous studies using tine computed tomography to 
define ejection fraction within regions of the tomo&raphic 
plane in normal p.ments demonstrated a fair degree of 
heterogeneity of these values with use of either a floating 
point endocardial or floating point epicardial centroid 
method (261. Studies using two-dimcnsionaf echocardiogra- 
phy to evaluate the extent af regional walk motion abnormal- 
ities a& myocardial infarction have used both centmid 
methods; however, Zoghbi et al. (34) have shown that 
accurate definition and quantification of regional watl motion 
abnormahties IO define infarct extent can be approximated 
using a floating point epicardiat centroid method. 
Analysis of the formerly cited tine computed tomo- 
graphic study in normal patients (26). which used the epicar- 
Figure 1. Estimation of index of infarct size-example af six 
tomographic levels. Schematic illustration of Ihe method used 
lo estimate infarct extent from discharge tine compukd tomo- 
graphic examinations. The darkened areas represent sections 
of the tomographic image where the regional ejection fraction 
was ~30%. Twelve regions were examined 81 each tome- 
graphic level using an epicardial floating paint centroid 
method. See text for details. LV = left ventricle. 
dial centroid method, tiemonstrated that the average regionat 
ejection fraction of the human left ventricle was approxi- 
mately 65 ? 6% and no regional ejection fraction at any level 
was <30%. For the purposes of the current investigation, 
identification of both the endocardial and epicardial surfaces 
was done un the end-diastolic and end-systolic images; 
thereafter, each set of tomographic images was divided by 
computer into 12 pie-wedged (122.5~) segments and tl,e 
regional ejection fraction was determined using a floating 
point epicardial centroid as the reference. Any regional 
ejection fraction 430% that represented a value ~2 SD from 
the normal mean value was considered to be within a region 
of infarction. Thus, the areas with abnormal regional ejec- 
tion fraction represented areas of severe hypokinesia or 
akinesia. The total number of segments with severe hypoki- 
nesia or akinesia of the 12 regional segments examined was 
determined in each left ventricular tomographic level. The 
sum of regional tomographic segments with severe hypoki- 
nesia or akinesia on the tine computed tomographic scan 
pelfarmed at ho&al discharge was exuressed as a oercent 
bf the total number of segments/heart examined and was 
designated as the index of initial infarct size. An example of 
this calculation is shown schemarically in Figure I. 
Statistics. Data are presented as mean value + SEM. 
Statistical comparisons between left ventricular chamber 
volumes, muscle mass, ejection fraction, heart rate and 
mean arterial pressure at each tine computed tomographic 
scan visit were determined by using a repeated measures 
analysis of variance (ANOVA) with a Student-Newman- 
Keuls i test for comparisons between visits. A p value < 0.05 
was considered to achieve statistical significance. 
Results 
Patient demographics. Results are presented from a total 
of I8 patients who completed four successful scans during 
the 1st year after myocardial infarction. Twelve had anterior 
and six had inferior wall myocardial infarction. Interventions 
at the time of presentation for acute myocardial infarction 
included urgent coronary nngioplasty (eight anterior vs. two 
inferior), intravenous thrombolytic therapy (three anterior 
vs. one inferior) and conventional therapy without attempts 
to establish acute reperfusion (one anterior vs. three inferi- 
or). As directed by their respective cardiologists, all but YX- 
patient had selective coronary angiography performed ur- 
gently or electively within 1 week of acute myocardial 
infarction; of these patients, all had a patent infarct-related 
coronary artery documented at the end of angiography either 
as a result of early or late thrombolysis or direct coronary 
angioplasty, or both. 
No patient had clinical symptoms consistent with heart 
failure at the time of presentation to the hospital, at the initial 
tine computed tomographic scan or at the time of a subse- 
quent scan visit. Initial tine computed tomographic scanning 
was performed within 8 + 1 days; aftermyocardial infarction 
follow-up scans were performed at 61 t 3,213 ? 8 and 398 ? 
7 days after infarction. For purposes of discussion, these 
scan dates are referred to as hospital discharge, 6 weeks. 6 
months and I year, respectively. Patients ranged in age from 
42 to 72 years (average 57 * 3). There were 3 women and I5 
men. 
The majority of patients in both the anleriar and Ihe 
inferior infarction subgroups were taking a beta-blocker and 
long-acting nitrates at all four scan visits (I I and 9. respec- 
tively, for anterior infarction and 6 and 6, respectively. for 
inferior infarction). The concomitant use of calcium channel 
blockers was limited (4 vs. 0 anterior vs. inferior infarction). 
One patient in the inferior infarction group was taking an 
angiotensin-converting enzyme inhibitor (lisinopril) for ther- 
apy of hypertension. None of the patients with anterior 
infarction were taking angiotensin-converting enzyme inhib- 
itors at any time during the study period. No patients were 
prescribed diuretic drug or digitalis preparations al any time 
during the I-year study. 
Indexes ofthe initial myocardial infarct ex!ent were 27 2 
2% of the left ventricle for anterior wall infarction and IO -c 
1% of the left ventricle for inferior wall infarciiun. These 
values for initial infarct extent are consistent with estimates 
made in prior studies done at the Mayo Clinic (36) using 
technetium+Jm sestamibi in survivors of anterior and infe- 
Table I. Hemcdynnmic Data in ihc Study PaUents at the Time v? 
he Computed Tomographic (CT) Scans Performed at Hospitrl 
Discharge and During Follow-Up After an Initial Trammural 
Myocardial Infarction 
rior waif myocardial infarction. No patient required repeat 
coronary angioplasty. underwent coronary artery bypass 
grafting or had a documented recurrent myocardial inhrc- 
tion during the l-year study and follow-up period. 
Patients remained in normal sinus rhythm at all times 
throughout the study period. Heart rate. mean arterial pres- 
sure (estimated from cuff measurements). global left venttic- 
ular ejection fraction and global stroke volume for all pa- 
tients for each of the four tine computed tomographic scan 
dates are presented in Table t. There were no statistically 
significant changes in global ejection fraction during this 
initial year after infarction for either patient subgroup. 
However. global stroke volume was greater af all subsequent 
visits compared with the value at haspiml discharge in the 
patients with anterior infarction. There were no significant 
changes in stroke volume during the initial year after infarc- 
tion in the subgroup with inferior infarction. Likewise, heart 
rati and mean arterial pressure remamed unchanged in this 
patient subgroup; however, heaT: rate was significantly 
lower and arterial pressure significantly higher at I year 
compared with baseline hospital discharge values in the 
subgroup with anterior wall myoca-dial infarction. 
Anterior wall myucardial infarction. In the patient sub- 
group with acute anterior wall m!ocardial infarction, left 
ventricular global end-diastolic volume increased by 22% 
from I48 ? 9 ml at hospital discharge to 180 + 9 ml at I year 
(p < 0.001). The left ventricular end-diastolic muscle mass 
was 177 + 13 g at hospital discharge and I65 2 IO g at i year 
(p = NS). Thus, at firs1 review. left ventricular muscle ma-s 
appeared to remain static at a lime when there was a 
significant increase in left ventricular end-diastolic chamber 
volume. 
Figure 2 graphically demonstrates the time course of 
serial changes in left ventricularchdn~ber volume and muscle 
mass as assessed by tine computed tomography. The vol- 
ume/mass ratio here represents the ratio of global end- 
Figure 2. Lcfi vcntricutarend-diasrlic chamber volume ILVEDVI. 
myocardial murJe mass (LVM) and their ratio (VIM) during the 1st 
year after antetior vail myocardial infarction (n = 12). Data arc 
presented as mean value + SEM. See text for details. *p < 0.05 
YWSUZ hospital discharge Id/cl. 
diastolic chamber volume to global end-diastolic muscle 
mass. As ahoun. the lefr ventricular end-diastolic chamber 
volume in these patients with anterior wall myocardial 
infarction progressively increased during tbe initial year 
after infarction. However. the left ventricular muscle mass 
decreased significantly during the 1st 6 weeks but returned to 
baseline valuer by I year after infarction. The volume/mass 
ratio increased progressively during the 1st year consistent 
with the nonparallel changes in chamber volume and muscle 
mass but appeared io stay level by I year. Normal values for 
volume/mass ratio are on the order of 50.9. 
Inferior wall mywzardial infarction. In contrast to the 
patients with anterior wall myocardial infarction, patients 
with i&nor wall necrosis had little or no change in left 
ventricular end-diastolic chamber volume during the 1st 
year. The value for this variable a1 hcspital discharge was 
virtually identical to the value at I year (135 -C 5 m\ for each). 
However. the time course of serial changes in global left 
ventricular r.lyocardial muscle mass during the year after 
infarction closely resembled that observed in the patients 
with anterior wall infarction (Fie. 2) albeit at a lower 
magnitude. iigure 3 shows results from the patients with 
inferior wall infarction. 
I_& venlricular end-systolic volumes. Figure 4 shows the 
time course of changes in left ventricular end-systolic vol- 
umes during the 1st year after transmural infarction for both 
the anterior zmd inferior infarction subgroups. For patients 
with inferior infarction. tto significant change was noted 
during the l.year study period. In contrast, in patients with 
anterior wall myocardial infarction. end-systolic voluae 
progressively increased during the year after infarction. 
increasing significantly by approximmeiy 20% from the 
baseline value at hospital discharge of 74 r 6 10 89 -C 7 ml at 
t-year. The majority of this increase was noted after 6 
weeks. 
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Figure 3. Left ventricular end-diastolic chamber volume (LVEDV), 
myocardial muscle mass (LVM) and their ratio (V/M) during the 1st 
year after inferior wall myocardial infarction (II = 6). Data are 
presented as mean value + SEM. Set text for details. *p c 0.05 
venom hospital discharge (d/c). 
Discussion 
During the year after an initial transmural myocardial 
ir %Xion. the results from this study demonstrate that 
global left ventricular end-diastolic and end-systolic cham- 
ber volumes increase progressively from the time of hospital 
discharge in patients with a moderately large anterior wall 
myocardiai infarction but tend to remain stable in patients 
with a small inferior wall infarction. To a great extent, these 
differences are most likely a reflection of the overall magni- 
tude of the initial wall mcnion abnormalities (that is, index of 
infarct extent)+ as has been shown previously (9) (however, 
the results do not rule out a sonarate effect related to infarct 
site, such as buttressing by th; diaphragm in inferior infarc- 
tion, thus potentially limking infarct expansion). An analysis 
of any independent effect of the “open artery” on limiting 
Figure 4. Left ventricular end-systolic chamber volume (LVESV) 
during the 1st year after anterior (AWMII and inferior CIWMI) wall 
myocardial infarction. Dala are presented as IICC~~ ~~alue + SEM. 
See text for details. 
discharge. 
‘p < 0.05 versus I year. dk = hospital 
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chamber dilation after infarction is nullified in this study by 
the fact that all hut one patient had documentation of an 
open anery at hospital discharge. However, regardless of 
the extent of left ventricular chamber remodeling after 
infarction, ejection fraction, as the ratio of stroke volume to 
end-diasto!ic volume, remained unchan.:ed during the 1st 
year in both infarction subgroups, largely reflecting parallel 
changes in both stroke volume and end-diastolic vohtme 
after infarction (Table 1. Fig. I). This observation empha- 
sizes the limiled vahte of seriai assessments of global left 
ventricular ejection fraction to define the conrequenccr of 
postinfarction left ventricular remodeling in humans. 
During this same time period, there were dynamic 
changes in global left ventricular muscle mass in patients 
with both anterior and inferior wall infarction; these changes 
did not parallel the time course of concomitant changes in 
end-diastolic or end-systolic chamber volume. Total left 
ventricular muscle mass initiPy decreased during the 1st b 
weeks after infarction but then showed a trend toward an 
increase thereatler, returning by I year to nenrly the value 
determined at hospital discharge. If this late return ofglobal 
left ventricular muscle mass to baseline values, especially in 
the subgroup with anterior infarction, reflected the develop- 
ment ofven:ricular hypettrophy in the noninfarct region, its 
magnitude was smal1 and occurred with a significant time lag 
or delay in relation to the early and progressive increases in 
left ventricular chamber volumes. 
Finally, the left ventricular chamber volume to muscle 
mass ratio, as an index of long-term changes in IeH ventric- 
uiar wall tension at rest, progressively increased at least 
during the Isr 6 months after myocardial infarction. There- 
after, with the suggestion of a positive trend in global left 
venwicular muscle mass at 1 year. it tended to stay level. In 
patients with anterior wall infarction. however, the plateau 
value for volumefmass ratio was significantly increased 
above normal. 
Postinfarction lelt ventricular remodeling. This is the first 
study to employ the quantitative attributes of tine computed 
tomographic scanning IO define the nalure and extent of 
postinfarction left ventricular remodeling in humans. The 
changes reported in left ventricular chamber volumes from 
early (hospital discharge) to lcte (al year) after transmural 
myocardial infarction are consistent with what has been 
noted by other iaboratories. However. the unique feature 
here is the quandtication of serial changes in both left 
ventricular chamber volumes and muscle mass over the 1st 
IZmomh period after documented trammural myocardial 
infarction. 
Previous studies in animals and patients have shown that 
left ventricular remodeling begins within minutes to hours 
after myocardial infarction. By the time of the initial tine 
computed tomographic study at a mean of 8 days after 
infarction, ventricular dilation surely was evident in the 
patients examined. In fact, the value of 148 * 9 ml for 
end-diastolic volume in the pmients with anterior infarction 
was above that determined by tine computed tomography in 
a group of II normal men (133 i- III ml) (26). In contrast. 
however, although at present we have no data on Left 
ventricular chamber volume and muscle mass beyond 1 
year, the general trend demonstrated in Figure 2 suggest 
that chamber dilation may nor be completed by 1 year in the 
group with a moderately large anterior wall infarction. 
These observations may have sigG?cant clinicat implica- 
tions. Data from the Framingham Heart Study (36) have 
shown a 23% incidence of clinical heart failure by IO years 
after myocardial infarction. Although interpretation of these 
data in the modem era must be done in view of current 
trends toward aggressive therapy for known risk factors for 
heart failure (such as hypertension and cxly atrempts to 
limit infarct size by thrombolytic agents and coronary angio- 
plasty). we believe that remote myocardial infarction wilh 
progressive left ventricular chamber dilation accompanied 
by nonparallel changes in lelt ventricular muscle mass may 
be one of the most common causes for the eventual devel- 
opment of congesGe heart failure. 
White et al. (14) have clearly demonstrated the impor- 
tance of left ventricular end-systolic volume as a prugnostic 
factor after myacardial infarction. Our studies demonstrated 
that end-systolic volume increased during the year after 
anterior wall myocardial infarction nearly in pardllel with the 
increases in left ventricular end-diastolic volume. The simi- 
lar changes in stroke volume and end-diastolic volume 
during the year after Infarction were facrors lending to the 
lack of change in left ventricular ejection fraction during the 
examination period in both patient subgroups. Potential 
mechanisms to explain the continued necessity for progres- 
sive chamber dilation during the 1st year after a moderately 
large anterior infarction are probably mukifactorial and 
include factors not measured in the current study: however. 
the increases in stroke volume concomitant with increases in 
end-diastolic volume suggest a Frank-Starling mechanism. 
Progressive elevation in wall tension as reported here in the 
weeks and months after myocardial infarction, as either 
cause or effect, undoubtedly contributed to the pattern of 
postinfarction remodeling, Recent results frcm the placebo 
arm of the Studies OF Left Ventricular Dysfunction (SOLVD) 
Trial (37) indicate that neurohumoral axis activation and 
relative serum catecholam,ne excess can be seen in individ- 
uals with only a mild reduction in ejection fraction and in the 
absence of clinical congestive heart failure. The normal 
regulatory feedback mechanisms appear to be improperly set 
in the presence of mild to moderate cardiac dysfunction. 
even in the presence 01 normal stroke volume and heart rate 
(as was the case in our patient subgroups). Continued 
investigations into the pathophysiology of left ventricular 
remodeling alter transmural infarction arc warranted and 
could be crucial to developing dn understanding of the effect 
of therapeutic interventions aimed at reducing asymptomatic 
ventricutar remodeling or its long-term consequences. or 
both. 
The time course of serial changes in left ventricular 
muscle mass during the 1st year after infarction in humans 
has not been examined previously. The significant reduction 
in global left ventricular muscle mass during the first 6 weeks 
after infarction was initially unanticipated. However. it has 
been established that during this time period the necrotic 
region becomes a fibrous firm scar. with myocyte “dissolu- 
tion” and loss of edema in the infarct and per&infarct 
regions 
To illustrate the potential magnitude to which myocyte 
dissolubon and other factors may contribute to an initial loss 
of total myocardial muscte mass during the first bweeks after 
infarcrion. consider the data from the patieols with anterior 
infarction. The mean left ventricular muscle mass was 177 g 
at hospiral discharge (Fig. 2). ln this patient subgroup, the 
mean infarct size was on the order of 25% of the left 
ventricle. Thus. given the assumptions inherent in our defi- 
nition of infarction and by implication the extent of necrosis, 
on the average. 44 g of the mycsardium was damaged. If we 
consider or assume that the mass of infarcted myocardium 
after architectural reparative changes in the necrotic area 
because of myocyte dissolution and other factors (for exam- 
ple. loss of intramyocardial blood volume) was reduced by 
50% during the 6 week recover’ period (38). the overall 
reduction in global left ventricular muscle mass would be on 
the order of 22 g. The actual left venrricular mijscle mass at 
6 weeks in this patiem group was L56 g. a ?I g dilference 
from that determined at hospital discharge. A similar esti- 
mation can be made for the smaller but statistically signifi- 
cant changes in myocardial muscle mass observed during the 
first 6 week< after infarction in the patients with inferior wall 
necrosis (Fig. 3). 
Calculations made using tine computed tomograph! ,rn 
the myocardium represent muscle volume. not muscle mass: 
the specific sravity was assumed for uniformiry of presenta- 
tion and was not measured. In the normal situation. rnyo- 
cytes constitute aXi% of the total teft ventricular muscle 
volume, the remainder consisting of intramyocardial blood 
volume. interslitial material and other cells (such as inflam- 
matory cells) known to be present in the acutely necrotic 
areas. However, by 6 weeks after infarction, the changes in 
the infarct region are complete or nearly complete (39) and 
any subsequent changes in left ventricular muscle volume 
should. for the most oart. he reflective of chances in mv* 
cyie volume (or muscle mass) in the remaining normal 
myocardium. A recent publication by Mitchell et al. (40) has 
shown that httle or no change in infarct segment length (a 
necessary factor for “infarct expansion”) occurs after ap 
proximately 3 weeks after acute myocardial infarction. The 
general trend seen In both infarction subgroups for left 
ventricular myocardial volume (or mass) to return to hase- 
line values by I year is consistent with a slow and limited 
development of left ventricular hypertrophy in the nonin- 
farcted myocardium. 
These observerions are not inconsistent with prior studies 
(IO. 12) in the rat with anterior infarc:ion. in which cellular 
hypertmphy was noted relative!y early after infarction in the 
noninfarcted region. However. the current data suggest that 
the predominant change in global (that is, total) left ventric- 
ular myocardial mass is one of reduction during the 1st 6 
weeks tier infarction and one of slow return IO baseline 
values thereafter. The absence of any dramatic change in 
global left ventricular muscle mass during the period of 6 
weeks to 6 months after infarction suggests that any hyper- 
trophy in the noninfarcted region during the 1st 6 weeks in 
humans may be significantly limited or even absent. In fact, 
despite increases in ventricular chamber volume after ante- 
rior infarction, global left ventricular muscle mass at 1 year 
was in the range of normal values as determined by tine 
computed tomography (26). 
The left ventricular chamber volume to left ventricular 
muscle mass ratio has been popularized by Gaasch (19) and 
others as indexes of the response of the heart to volume 
overload. The chamber dilation observed after mvocardial 
infatction may be viewed as a volume overload situation. 
The observations reported here indicate that changes in 
global left ventricular muscle mass do not parallel or lag 
significantly behind Progressive global chamber dilation after 
myocardial infarction. By I year after infL*cdon, the volume/ 
mass ratio still remains significantly above normal. The 
long-term implications of these observations remains to be 
determined, but the presumed long-term elevation in left 
ventricular wall tension may play an important role in the 
observed progression ofremodeling, at least in patients with 
a moderately large anterior wall myocardial infarction. The 
contribution or interaction of abnormal regulatory neurohor- 
mone levels and elevated wall tension to progressive van- 
tricular dilation after infarction requires further study. Data 
continue to amass regarding salutary roles for the Long-term 
use of angiotensin-converting enzyme inhibitors (5.15,41): 
additionally, the early use of intravenous nitroglycerin 
(l&17) may provide long-term effects on limiting chamber 
dilation after myocardial infarction. Both of these agents 
may have potent effects on limiting increases in global wall 
tension or the disparity between rc8ional wall tensions after 
infarction, or both. 
Limitations of the study. Determinations of left ventricu- 
lar volumes by tine computed tomogrnphy are known to be 
among the most accurate possible in any experimental study 
group Recent studies (22,23) have been published regarding 
the quantitative accunsy and reproducibility of measure. 
ments of left ventricular muscle mass in animals and humans 
using tine computed tomography. Overall accuracy in ani- 
mals has shown an SEE of 4 to 6 g (or -5%). Likewise, 
quantitative determinations of cardiac volumes have been 
demonstrated in animals and humans. Errors are =C5% for 
calculations of global stroke volumes of both the left and 
right ventricles (24,25,27). Thus, no significant errors in 
serial definition of left ventricular chamber volumes and 
muscle mass that could influence the results of the current 
investigation are considered. 
Or.1 concern that is common to human studies, where 
exacdng controls of experimental conditions are difficult, is 
the influence of variable preload and afterload on individual 
measurements of left ventricular chamber volumes (such an 
effect, however, should not significantly alter the quantifica- 
tion of left ventriccl~rmuscle mass). At all times, the patient 
hemodynamic values noted in Table I remained within the 
expected norms for a random group of adults, but the heart 
rate and mean arterial pressure were different at the end 
compared with Ihe beginning of the study in the subgroup 
with anterior wall infarction. This subgroup also had the 
most dramatic changes in chamber volume and myocardial 
muscle mass during the 1st year after infarction. The mag- 
nitude of these slight differences between loading conditions 
on ventricular mechanics would be difficult to predict but 
could conceivably account for some of the observed in- 
creases in ventricular chamber volumes noted during the I 
year follow-up period; however such minimal differences 
would not be expected to fully explain the patterns noted in 
Figures 2 and 4. Trends for time-dependent changes in 
chamber volume and muscle mass noted at I year after 
infarction were consistent with the findings at 6 months and 
6 weeks after infarction. Within the understandable con- 
straints of interpretation related to variable loading condi- 
tions, we contend that the measured patterns of changes in 
left ventricular volumes are a direct physiologic canse- 
quences of postinfarction ventricular remodeling. 
Beyond the known effect early during the course of acute 
myocardial infarction, the use of beta-blockers has been 
shown to have littte or no effect on the magrdtude of 
@infarction remodeling (IS). Patients who began beta- 
btocker therapy at or about the time of hospital discharge 
continued this therapy throughout the l-year period. Short- 
term (and wssiblv lone-term) nitrate theraPv. in contrast. . . - ._ 
may play a role (16.17); however, this class of medication 
was taken by the majority of patients in the study throughout 
the examination period. In our insfitution, intravenous nifro- 
glycerin is used only as necessary for therapy of angina. Any 
incremental effect of reducing the extent of ventricular 
remodeling by long-term use of long-acting nitrates, if 
present, is assumed to be uniform within agiven patient. No 
clear effect on infarct remodeling has been shown for dih- 
iasm (the drug prescribed in the small number of patients 
taking calcium channel antaeonists during Ihe studv). Onlv 
one patient was taking an &iotensin-&nverlingPnzym~ 
inhibitor, which could affect the extent of remodeling (5,lS); 
however, this patient was in the group with inferior wall 
infarction in which no clear changes in chamber volumes 
were apparent in any patient durmg the year alter infarction. 
As a whole, it is assumed that ii any additional pharmaco- 
logic effects were contributed by concomitant medications. 
rhe magnitude of their contribution to the serial observations 
on global left ventricular volumes was small and consistent 
throughout the study period. 
A final issue and the subject of mu&. conjecture is that of 
the open artery and its impact on the extent ofpostinfarction 
left ventricular remodefiag (3V2.43). Seventeen of our 18 
patients had patent infarct-related coronary arteries docu- 
mented during coronary angiography at some time during the 
course of their initial hospital stay (either immediately or 
within 5 to 7 days of infarction). For the group with anterior 
wail infarction, as compared with chamber volumes previ- 
ously repaned w-ing tine computed tomography in normal 
subjects (261, chamber dilation was apparent ar hospital 
discharge and continued throughout the yew after infarction. 
If the open artery truly limits the extent CO which remodeling 
occurs after infarction. the resuks of this study have under- 
estimated the magnitude of left ventricular chamber volume 
and muscle mess changes after transmural infarction that 
could occur in patients who do not achieve early coronary 
patency. Whether the open artery observauons represem an 
epiphenomenon or an imwrlant pmhophysiologiic mecha- 
nism remains to be completely addressed. However. be- 
cause we did not have a companion group who had non- 
patent infarct-related arteries at hospital discharge. this issue 
cannot be addressed by the current study design. 
The results presented here examine only global left 
vemricular chamber volumes and muscle mass and do not 
address the important issues of the dynamic changes in 
regional volumes. More exacting quantitative analysis LC 
necessary as it pertains to changes in chamber volumes. wall 
!hicknesses (44) and muscle mass on a global and regional 
basis during the weeks, months and yews after an initial 
transmural myocardiat i&ration to more fully comprehend 
the process of postinfarction ventricular remodeling in hu- 
mans. Work is underway in our laboratory to define infarct 
sire quantitatively by analysis of regional wall thickening 
rather than use of the approximate methods used in t’nt 
current investigation. The neat planned step is to investigate 
regional ventricular mechanics after infarction using tine 
computed tomography in addition to reevaluation of a group 
of pm.i&uction patients who are now 2 to 3 years after the 
index infarction. These data will allow for a much better 
understanding of the cEects of continued postin~arclion 
remodeling on long-term changes in ventricular chamber 
volumes, muscle mass and global and regional function and 
~1’11 be especially important in the interpretation of studies 
designed to define the potential salutary effects of the 
long-term use of angiotensin-cotverting enzyme inhibitor 
therapy after infarction. 
We express our sincere gratitude to our ~utse coortmator. Judy P&he; 
RN. Her dt!&nce in identityin& potential candidakb. care in rearding the 
dcmosraphic infoormaion on each rubject and her C~CCIIII far the wemit 
success ofthe study are appreciated. 
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